The development of molecular imaging probes has changed the nature of neurobiological research. Some of the most notable successes have involved use of biological engineering techniques for creation of fluorescent protein derivatives for optical imaging, but recent work has also led to a number of bioengineered probes for magnetic resonance imaging (MRI), the preeminent technique for noninvasive investigation of brain structure and function. Molecular MRI agents are beginning to be applied for experiments in the nervous system, where they have the potential to bridge from molecular to systems or organismic levels of analysis. Compared with canonical synthetic small molecule agents, biomolecular or semi-biosynthetic MRI contrast agents offer special advantages due to their amenability to molecular engineering approaches, their properties in some cases as catalysts, and their specificity in targeting and ligand binding.
MAIN TEXT
Magnetic resonance imaging (MRI) was recognized soon after its invention as a potentially valuable tool for studying the central nervous system (CNS), and is now used extensively in the diagnosis of neurological disorders and in the study of cognition (1, 2) . MRI is an attractive tool for examining neurobiology because of its relatively high spatial resolution (< 1 mm in humans, < 100 µm in animals) and ability to scan body tissues non-invasively. Contrast in MRI results from the distribution and dynamics of nuclear spins in a specimen, usually arising from water protons, as well as the interaction of spins with applied radiofrequency and magnetic field gradient pulses. Contrast can be manipulated using molecular probes, which function as the MRIequivalent of fluorescent dyes used in optical imaging. Although most MRI agents must be applied at high concentrations > 10 -7 M (over a million times more than typical nuclear medicine probes) the versatility and precision of MRI and the fact that MRI probes can be sensitized to ligand binding or environmental factors present decisive advantages in contexts such as functional imaging. Research on MRI contrast agents and their application to problems in neuroscience is burgeoning, and there is particular interest in the possibility of finding MRI agents sensitive to time varying components of neurophysiology [reviewed in (3) ].
The first generation of clinical contrast agents were salts and chemical complexes of paramagnetic metals, such as gadolinium (III) and manganese (II) (4) (5) (6) . Complexes of these ions shorten the longitudinal (T 1 ) and transverse (T 2 ) relaxation times of nearby water molecules, properties that determine, respectively, the rate with which an MRI signal can be repeatedly measured and how long the signal persists during an individual measurement period. Increases in T 1 relaxation due to a contrast agent produce image brightening in MRI, whereas increases in T 2 relaxation produce image darkening. In either case, contrast is enhanced where the relaxationbased contrast agent localizes. Molecular probes can produce MRI contrast based on alternative mechanisms as well. So-called chemical exchange saturation transfer (CEST) agents work by providing a probe-specific nuclear magnetic resonance frequency via which radiofrequency irradiation can be applied to diminish the local MRI signal (7) . Heteronuclear probes allow MRI to be performed using nuclei other than protons, such as 19 F and 129 Xe, which are not normally found in living subjects.
Most MRI contrast agents are low molecular weight metal complexes prepared by synthetic chemistry, but notable recent advances have followed from the development of bioengineered macromolecular and supramolecular MRI probes. The biophysical properties that allow some proteins to act as contrast agents were established even before MRI came into use as a clinical imaging tool [reviewed in (8, 9) ]. It has also long been known that synthetic relaxation agents experience increases in potency (T 1 or T 2 relaxivity, denoted r 1 or r 2 and equal to the slope of relaxation rate vs. concentration) upon binding proteins; this follows from the dependence of relaxivity on molecular rotational correlation time. The use of biomolecules and biomolecular conjugates as contrast agents themselves confers additional key advantages, however. The amenability of biomolecules to molecular engineering allows for the facile development of probes with novel functionality such as target binding or ligand responsiveness. With some biomolecular contrast agents, there is the additional possibility of genetically encoding them, for in vivo application as gene reporters or to enable endogenous synthesis in targeted cells. Several of these advantages extend to "hybrid" bioengineered contrast systems, in which biomolecules are designed to interact with synthetic components to produce MRI contrast patterns of physiological interest [reviewed in (10) ]. The subsequent sections of this review explore the unique properties of bioengineered MRI probes in greater detail, highlighting opportunities to apply the new bioengineered molecular MRI techniques in neurobiological systems.
Amenability of biomolecular contrast agents to engineering
The discovery of green fluorescent protein (GFP) (11) and its homologues in marine organisms led to a dramatic synthesis of genetic and imaging techniques based on light microscopy [reviewed in (12) ]. Molecular engineering techniques have been applied to construct fluorescent protein-based sensors, to assemble reporters incorporating fluorescent proteins, and to tune the fluorescence properties of GFPs. Nature has been comparatively generous in providing MRIdetectable proteins-candidate "GFPs for MRI." There are numerous paramagnetic proteins, for instance, which are capable of producing T 1 or T 2 contrast in MRI. These proteins can be targets for bioengineering techniques in much the way that GFP has been. Molecular engineering can also be applied to design and tune diamagnetic probes or components of hybrid agents.
The most important MRI-detectable protein in neuroscience research is hemoglobin, which is a paramagnetic in its unliganded form but diamagnetic when oxygen bound (13) ; the effect of neurovascular coupling responses on the equilibrium between these two forms underlies the blood oxygen level-dependent effect used for functional MRI (fMRI) (14) (15) (16) . Hemoglobin might seem like a promising starting point for the development of analyte-sensitive MRI molecular imaging probes, and in fact a chemically-modified form of the molecule has been applied as an exogenous T 2 contrast agent for tissue oxygen tension imaging in vivo (17).
Of various heme-containing molecules, hemoglobin is not the most amenable to further bioengineering however, in part because of its heterotetrameric structure, and also because its binding pocket is too shallow for specific interactions with potential ligands. By applying molec-ular engineering techniques to another heme protein, a bacterial cytochrome P450 domain (BM3h), Shapiro et al. produced a contrast agent sensitive to the neurotransmitter dopamine ( Figure 1a ) (18). The authors found that binding of a natural ligand, arachadonic acid, alters the T 1 relaxivity of BM3h by displacing a water molecule coordinated to the heme iron. They then applied a technique called directed evolution [reviewed in (19)], which involves random mutagenesis followed by screening over repeated rounds of optimization, to tune the BM3h binding specificity away from arachidonic acid and towards dopamine. The resulting sensors had dopamine binding affinities of 3.3-8.9 µM and were shown to detect extracellular dopamine in both cell culture and rat brains. Further work was done to enhance the relaxivities of BM3h mutants by substituting the native heme with a high spin manganese (III) protoporphyrin complex (20).
Both directed evolution and metal substitution can be generally applicable approaches for bioengineering of MRI contrast agents. Directed evolution in particular is a powerful technique because it does not require a priori knowledge of how mutations affect protein structure and function; the technique can therefore be applied to alter the properties of almost any naturally occurring or artificially constructed biomolecular probe.
Rational protein design methods are complementary to screen-based techniques like di- weighted MRI signal in vitro by a mechanism very distinct from earlier synthetic calcium sensors (22, 23). Using wild-type CaM, the sensor had a transition midpoint of approximately 1 µM Ca 2+ , but when rationally designed point mutations were introduced into the interacting protein domains, both the midpoint and cooperativity of the sensor's calcium-dependent response could be tuned ( Figure 1b ) (21, 24). The process of adjusting the properties of a reagent using sitedirected mutagenesis is much simpler than the resynthesis that would be required with a more conventional chemical contrast agent, and again illustrates the advantage of bioengineering techniques in MRI probe development.
Using biological engineering, MRI probes can also be created from scratch. De novo design was used recently to create diamagnetic metal-free proteins capable of being visualized by the CEST contrast mechanism in living rodent brains (25) . Any molecule that contains a labile proton pool in exchange with bulk water can function as a CEST agent, provided that the exchange takes place on an appropriate time scale and that the chemical shift of the bound protons is sufficiently resolved from bulk water. Several amino acid sidechains, such as those of lysine, arginine, and tryptophan, contain protons that effectively support CEST contrast, and can be incorporated into polypeptides to construct genetically encoded CEST reporters. In the first demonstration of this principle, Gilad et al. designed a lysine rich protein (LRP) that displayed specific contrast in cells expressing the construct (25) . Implanted tumors expressing LRPs could be detected by CEST-weighted MRI in rat brains and distinguished from unlabeled tumours. The same group also demonstrated that the magnitude and frequency of protein-associated CEST effects could be tuned by altering the amino acid sequence ( Figure 1c 
Imaging with biomolecular catalysts
Efforts to create biosynthetic MRI contrast agents are benefiting not only from the powerful molecular engineering approaches that can be used, but also from the unique capabilities of biomacromolecules as imaging agents or components of molecular imaging strategies. Perhaps the most famous example of this is the ability of proteins to act as highly specific catalysts. Enzymes have been used for decades in optical imaging, originally as markers visualized by histology and more recently in combination with bioluminescent and fluorescent substrates for in vivo imaging [reviewed in (27) ]. Now a host of enyzmes have been explored for their ability to induce contrast in molecular MRI experiments, in conjunction with various mechanisms for coupling MRI contrast to chemical processing ( Figure 2 ). Although some of the enzymes used in these studies are disease-related markers, as opposed to established gene reporters, the strategies used to detect these molecules (and in some cases the enzymes themselves) could be adapted for use in reporter systems or alternative MRI detection specificities as well.
One of the earliest demonstrations of reporter enzyme detection using MRI was the mapping of the β-galactosidase (β-gal) activity in whole frog embryos with a β-gal-sensitive T 1 contrast agent (Figure 2a ) (28) . In this work, Louie et al. created a Gd 3+ macrocyclic attached to a galactose group, joined by a linker that is cleavable by β-gal. Enzymatic hydrolysis of the contrast agent exposes the paramagnetic ion to water molecules, resulting in an increase in T 1 relaxivity. Because the contrast agent was injected intracellularly at an early stage in embryogenesis, numerous structures, including the head, could be visualized in the presence of β-gal activity in these experiments. Although β-gal is perhaps the most widely used reporter enzyme in biological research, the difficulty of delivering the contrast agent has impeded efforts to apply the technique for gene expression mapping in additional contexts.
In another example involving a Gd 3+ -based enzyme substrate, a lipid-modified MRI probe was developed by Himmelreich et al. and used to detect intracellular lipase activity in cells (29) .
Prior to enzyme processing, the agent was insoluble and did not alter MRI signal. However, once internalized via phagocytosis by cells expressing lipases, the fatty acid chains were cleaved from the compound, solubilizing the Gd 3+ chelate and enhancing T 1 contrast. A completely different mechanism also involving hydrolysis of a gadolinium compound was used to monitor activity of the protease caspase-3 in a recent study. Mizukami et al. created a probe consisting of gadolinium-tetraazacyclododecanetetraacetic acid (Gd-DOTA) conjugated to the peptide sequence DEVD and an 19 F-containing group potentially detectable by heteronuclear MRI (Figure 2b ) (30) . The short peptide brings the Gd 3+ in close proximity to the fluorine atom, promoting relaxation of the 19 F signal on a timescale too short for measurement by MRI. The action of the enzyme cleaves off the fluorinated moiety and removes the intramolecular relaxation effect, allowing the 19 F MRI signal to be detected. Although 19 F MRI is a relatively insensitive technique in general, the enzyme can provide amplification by processing many copies of the substrate; in vitro at least the caspase-3 reaction could be effectively monitored.
Qualitatively different enzyme-catalyzed chemical reactions, involving neither cleavage nor hydrolysis, can also potentially become the basis for MRI detection schemes. Rodriguez et al. synthesized Gd 3+ chelates that could be oxidized by myeloperoxidase (MPO) (31) , an enzymatic marker associated with inflammation. Oxidized contrast agents tended to oligomerize and crosslink via phenolic side groups of tyrosine residues, increasing r 1 by up to 1.5 fold, due to the dependence of relaxivity on the timescale for molecular motion (Figure 2c ). MPO activity has also been coupled to the aggregation of serotonin-functionalized SPIOs (32) . The phenolic group acts as the electron donor group and is converted to a tyrosyl radical when MPO reduces hydrogen peroxide. Formation of tyrosyl radicals by peroxidases induced cross-linking and aggregation of the nanoparticles, creating T 2 changes. A somewhat related strategy could be used to detect the enzyme tyrosinase, which catalyzes serial oxidation steps that lead to the formation of melanin polymers, which in turn promotes paramagnetic metal ion accumulation in cells and consequent MRI changes (33) . The activity of overexpressed tyrosinase recapitulates the process whereby neuromelanin forms in cells of the substantia nigra in the brain, a region known for high iron content and T 2 MRI contrast (34) .
Enzymatic detection schemes for MRI have been developed around nanoparticle contrast agents as well as small molecules. Nanoparticle T 1 and T 2 contrast agents are particularly advantageous because of their high relaxivities (35) . In one of the first examples of this, in vivo expression of an engineered transferrin (Tf) receptor in mice was detected using Tf-conjugated SPIOs (36) . The Tf-SPIOs are transported into the cell by receptor-mediated endocytosis, allowing tumor cells to be imaged and tracked. A similar accumulation-based mechanism has also been demonstrated with SPIOs coated with a "masked" version of a cell penetrating peptide (CPP) (37) . Matrix metalloproteins (MMPs) are proteases with activities highly linked to tumor invasion and metastasis (38) . who applied an MRI sensor to detect enzymatic turnover catalyzed by secreted alkaline phosphatase (SEAP) (40), a reporter used previously to visualize gene expression patterns in the brain.
Bioengineering of an MRI technique around a secreted enzyme obviates the need for intracellular delivery, in contrast to strategies for β-gal detection (28, (41) (42) (43) (44) . Further, the use of a contrast agent to detect products of the enzyme, as opposed to functioning as substrates themselves, facilitates dynamic studies of enzyme activity, since the contrast agent is not irreversibly modified over time. An unnatural nucleotide 2'-adenosine monophosphate is processed by SEAP into adenosine (Ado), which is then detected by an Ado sensor for MRI (Figure 2e ). Ado acts on the sensor by inducing disaggregation of SPIO nanoparticles crosslinked by a switchable DNA aptamer (45); the aggregation state influences changes in T 2 relaxivity which can be detected by MRI. A nanoparticle T 2 contrast agent based on the enzymatic degradation of a polymer coating has also been explored as a possible gene reporter component (46) . In this strategy, commercial SPIOs coated with a relatively thick coat of dextran (Feridex) were substrates for the enzyme dextranase. Enzymatic digestion of the nanoparticle coating exposed the iron oxide core to water, producing T 2 changes both in vitro and in vivo.
Bioengineering of targeted imaging agents
The promise of applying contrast agents for diagnosis of disease, both inside and outside the brain, drives a major portion of molecular imaging research. The disadvantageous sensitivity of MRI compared with positron emission tomography is compensated in many cases by MRI's superior resolution, and low sensitivity is not necessarily a barrier in cases where substantial amount of imaging agent can be delivered to sites of action, e.g. in the bloodstream. Many targeted MRI probes developed to date include biological components, in large part because of the high specificity imparted by macromolecular ligands. To produce targeted contrast agents, biomolecular domains can be chemically conjugated to passive synthetic contrast agents such as paramagnetic metal complexes, SPIOs, and dendrimers ( Figure 3 ). An early example was offered by Sipkins et al., who used monoclonal antibodies labelled with paramagnetic liposomes to target the angiogenesis marker integrin α v β 3 (47) . The anti-integrin antibody was conjugated to the liposomes through biotin-avidin conjugation. They demonstrated that the integrin-targeted liposome could be used to image angiogenic vasculature and distinguish between benign and malignant tumor phenotypes in rabbits, a distinction that could not be made with conventional MR imaging techniques. An integrin binding partner, VCAM-1, has also been targeted in a more recent approach that enabled detection of acute endothelial inflammation in mouse ears (48) and brains (49) . Here a monoclonal antibody against VCAM-1 was conjugated to SPIO microparticles, which are individually detectable by MRI. In another study, an intravascular agent designed for detection of fibrotic lesions was prepared by conjugating a gadolinium chelate to a collagen binding peptide identified by phage display (50) (51) (52) (53) . The use of phage display or related affinitybased polypeptide screening methods to produce targeting motifs for molecular imaging agents Biological macromolecules other than proteins have also been used to engineer targeted imaging agents for in vivo MRI. In one study, so-called glyconanoparticles consisting of iron oxides modified with carbohydrates were created to bind the endothelial marker proteins E and P-selectin (59) . Like VCAM-1 and integrin-targeted conjugates, these imaging agents were also able to detect vascular hallmarks of cerebral inflammation in rodent brains. Oligonucleotide aptamers attached to MRI contrast agents also permit targeting to protein epitopes. In one study, an aptamer-conjugated SPIO contrast agent was used to detect the coagulation factor thrombin in vitro; detection of concentrations as low as 25 nM was reported (45) . The possibility of producing aptamers against a wide variety of targets using systematic evolution of ligands by exponential enrichment (SELEX) technology (60, 61) may lead to further examples of nucleic acid-based molecular MRI agents. Even more exciting is the possibility of targeting oligonucleotide conjugates to DNA and RNA molecules themselves, especially in the CNS. In a series of papers, Liu and coworkers have described MRI experiments in which oligonucleotide conjugated SPIOs were applied to detect specific gene transcripts in rodent brains, in an MRI-based version of in situ hybridization mapping (62) (63) (64) . The authors found contrast patterns dependent on the oligonucleotide targeting sequences they used, and on stimuli delivered in conjunction with the MRI probes. This approach requires that the contrast agents permeate the blood brain barrier (BBB), as well as individual cell membranes, and evidence of both was reported (65) .
The difficulty of delivering contrast agents past the BBB poses a unique challenge for targeted molecular imaging of most ligands in the brain (66) . A particularly interesting solution to this problem is the possibility of producing the contrast agents directly within the brain, using DNA constructs which may be targeted using genetic techniques. Although genetic approaches
are not yet on the horizon for clinical molecular MRI, basic scientific applications may benefit considerably from the fusion of imaging with genetic technologies [reviewed in (10, 67) ]. The metalloprotein ferritin (Ft) stores endogenous iron as a crystalline ferrihydrite core which has been shown to influence MRI contrast where it is naturally expressed. Genove et al. showed that viral-mediated overexpression of Ft in the mouse brain produces clear T 2 signal changes by enhancing iron loading in the transduced neurons (68), and Cohen et al. showed altered T 2 contrast patterns in transgenic mice expressing Ft as a marker for endothelial cells in the brain and elsewhere (69, 70) . Although Ft is similar in size and iron content to synthetic SPIOs, its relaxivity is over 100 times lower due to the relatively amorphous and hydrated mineral structure of its core (71) . Strategies have been explored to improve Ft relaxivity, such as co-expressing transferrin receptor to transport more iron into cells (72) . Additional genetically encodable MRI reporters have also been explored, including ion transporters such as MagA (73, 74) , a protein from magnetotactic bacteria. Several studies have also demonstrated changes in MRI due to expression of diamagnetic proteins, including the lysine-rich CEST reporters described above (25, 26, 75, 76) , and GFP, which was detected by magnetization transfer-weighted imaging (77) . An advantage of genetically encoded diamagnetic agents is that their expression and resultant contrast do not require association with or accumulation of a paramagnetic cofactor.
Limitations of bioengineered MRI probes
Advances have been made in the design of new MRI contrast agents that could eventually further our understanding of the brain and its diseases. Most MRI probes, however, have not progressed past the proof-of-principle stage for basic science applications, and are certainly not yet suitable for clinical use. Many agents are limited by their low sensitivities (66) , as demonstrated by the high probe concentrations applied in published studies. Although low sensitivity is a problem for all MRI contrast agents, it is more of a challenge for existing biomolecular contrast agents than for synthetic agents. The problem is exemplified by protein T 1 agents like BM3h, which has a relaxivity of 1.23 mM -1 s -1 at 21 °C and 4.7 T (18), compared with 3-5 mM -1 s -1 for Gd 3+ compounds under similar conditions (4) . The relaxivity of Ft is also much lower than that of synthetic SPIO contrast agents, ~1 (mM Fe) -1 s -1 for Ft (78) vs. 50-200 (mM Fe) -1 s -1 for typical SPIOs (79) . Protein-based CEST agents also offer relatively low sensitivity, compared with synthetic CEST agents that incorporate chelated lanthanides (80) . With today's technology, a synthetic MRI contrast agent is therefore likely to be applicable at lower concentration and with lesser risk of physiological disruption or toxicity than a biomolecular probe. This is one reason why much effort has focused on detection systems in which small molecule synthetic contrast agents function as responsive substrates for enzymes that provide amplification as well as desirable targeting and specificity properties.
For neuroimaging applications, a second confounding issue is the difficulty of delivering contrast agents noninvasively to the brain (81) . Because almost all MRI contrast agents are polar, charged compounds, BBB permeability is not spontaneously achieved. For applications in humans, the problem of trans-BBB delivery has almost entirely prevented CNS applications of MRI contrast agents, except for imaging cerebrovascular parameters. In animals, BBB disruption using hyperosmotic shock or ultrasound has been used to deliver agents ranging from small molecules (82) (83) (84) to nanoparticles (85-87) into the brain parenchyma. Although they are not yet common techniques in the clinic, both osmotic shock (88) and focused ultrasound (89) mediated BBB disruption techniques have also been applied in human or nonhuman primate subjects.
Even using these methods, however, larger molecules are difficult to deliver. A systematic study of ultrasound-mediated delivery of fluorescent dextrans of varying size found for instance that a 3 kD molecule (comparable to a short peptide) could be delivered at approximately five-fold higher doses than a 70 kD molecule (comparable to a medium-sized protein) (90) . Molecules in the megadalton size range were not effectively delivered. For bioengineered protein probes or nanoparticle bioconjugates, compared with "conventional" small molecule MRI contrast agents, the BBB delivery problem clearly poses a particular challenge therefore. One way to bypass the need for trans-BBB delivery is to use genetic targeting to the brain, in conjunction with proteinbased agents. Although this is an exciting approach to use in transgenic animals, it cannot yet be contemplated in humans, ruling out clinical applications. Moreover, because of the relatively low sensitivity afforded by existing genetically encoded contrast agents, achieving high enough expression levels to produce desired MRI contrast levels in cells or tissue is not easy.
Both the sensitivity and delivery limitations of bioengineered MRI probes may reflect the current "state of play," as opposed to theoretical constraints, however. Biomolecular relaxation agents for instance, can in principle reach relaxivity levels considerably higher than current synthetic contrast agents (91) (92) (93) (94) . High T 1 relaxivity depends on interplay between electronic relaxation and solvent interaction parameters that might indeed be easier to optimize in macromolecular agents than with synthetic probes, due to the amenability of biomolecules to tuning and screening approaches. Large magnetic moments characteristic of synthetic SPIOs might also be achieved in biological systems, and have naturally occurring precedents in the magnetosomes of magnetotactic bacteria (95), as well as mineral deposits found in several vertebrate species (96) (97) (98) (99) . Improving the sensitivity of biomolecular MRI contrast agents will also enable them to be used at concentrations where immunogenicity, an intrinsic property of these types of probes, will be less significant. Meanwhile, brain delivery of macromolecules could be enhanced by fusion to so-called Trojan horse vehicles, like Tf, which are themselves proteins and have been shown to deliver cargo to the brain (100). In conjunction with improved genetically encoded contrast agents, trans-BBB viral delivery strategies may also one day prove effective for noninvasive brain delivery biosynthetic MRI probes. Some types of virus have been shown to cross the BBB spontaneously (101-103) and could serve as vectors for this purpose, at least in animals.
Conclusions
In the wake of the genetic and genomic revolutions, the expansion of biology-based technologies into multiple spheres of investigation has been dramatic. Protein therapeutics are becoming widespread, and some are being actively investigated for CNS applications. In the area of molecular neuroimaging, which seeks to monitor neural structure and function at a molecular 
